Clonal evolution drives tumor progression, chemoresistance and relapse in cancer. Little is known about clonal selection induced by therapeutic pressure in multiple myeloma. To address this issue, we performed large targeted sequencing of bone marrow plasma cells in 43 multiple myeloma patients at diagnosis and at relapse from exactly the same intensive treatment. The most frequently mutated genes at diagnosis were KRAS (35%), NRAS (28%), DIS3 (16%), BRAF, and LRP1B (12% each). At relapse, the mutational burden was unchanged. Many of the mutations were present at the subclonal level at both time points, including driver ones. According to patients and mutations, we observed different scenarios: selection of a very rare subclone present at diagnosis, appearance, or disappearance of mutations, but also stability. Our data highlight that chemoresistance and relapse could be induced by newly acquired mutations in myeloma drivers but also by (sub)clonal mutations preexisting to the treatment. Importantly, no specific mutation or rearrangement was observed at relapse, demonstrating that intensive treatment has a nonspecific effect on clonal selection in multiple myeloma. Finally, we identified 22 cases of biallelic event, including a double event deletion 17p/TP53mut.
Introduction
Multiple myeloma (MM) is characterized by the accumulation within the bone marrow of malignant plasma cells [1] . Genetically, MM is characterized by a large heterogeneity. Recent sequencing studies showed that patients present in median about 60 exonic mutations, but with a wide range, from 10 to more than 500 [2] [3] [4] [5] . This inter-patient heterogeneity becomes even more complex if we look at the intra-patient level. It has been clearly shown that MM is a subclonal disease, meaning that most tumor plasma cells share a common pool of mutations, but may differ by several subclonal mutations [6] [7] [8] [9] [10] . How will subclones evolve during MM course? It has been shown by different techniques that the major subclone at the time of diagnosis may be different from the major one observed at first relapse, which can also differ from those seen at later relapses. There is probably a competition between the clones in the bone marrow niche for survival, and several authors proposed that this competition relies on the Darwinian model [11] [12] [13] . Subclones may differ by the presence of "driver" mutations (mutations that give advantages to this subclone), and/or neutral "passenger" mutations [14] . As in other cancers, several kinds of clonal evolution have been described in MM: stable evolution (identical genomic profile at diagnosis and relapse), linear evolution (apparition of novel mutations at relapse, but with the same mutational architecture), and branching evolution ("disappearance" of some mutations revealing evolution from a minor TOTAL Ratio M/F = 1/7 Median = 62 t(4;14) = 16%; del(17p) = 2% t(4;14) = 16%; del(17p) = 9% Median = 22 undetected subclone, or appearance of novel different subclones) [15, 16] . The major questions are how these subclones emerge, and how (and why) some are selected. The answer is certainly not unequivocal. Local characteristics in the bone marrow niche (such as nutriment accessibility or hypoxia) may select the clone(s) with the best fitness. Some mutations may for instance generate neo-antigens that can drive immune responses. Differential proliferative capacity of subclones may also participate to the selection. Finally, chemotherapy may also play a major role, in killing the most sensitive cells but selecting the more resistant ones, and for drugs possessing mutagenic effect in directly affecting tumor cells. If the answers to the first issues are not straightforward, addressing the last issue is more feasible. To address it, we performed large targeted sequencing in a series of 43 patients with frozen samples at the time of diagnosis and first relapse from exactly the same treatment. All these 43 patients have been treated homogeneously with four cycles of Velcade®-Thalidomide-Dexamethasone (VTD) induction, followed by one high-dose melphalan with autologous stem cell support, and two cycles of VTD consolidation (VTD-MEL200-VTD). The targeted panel included 246 genes recurrently mutated in MM, 2358 single-nucleotide polymorphisms (SNPs) for copy number analyses, and the whole IGH sequence to detect all the recurrent 14q32 translocations.
Methods

Study subjects
For this study, we selected 43 homogeneously treated myeloma patients for whom frozen CD138-enriched samples were available at the time of diagnosis and first relapse. The median time to progression was 22 months (range, 10-55). Patient characteristics are summarized in Table 1 . All patients provided signed consent for these genetic analyses in accordance with the Declaration of Helsinki. This study was approved by Toulouse Ethic Committee. They all received an induction course with 4 cycles of the VTD combination (Velcade®-Thalidomide-Dexamethasone), an intensive course with melphalan 200 mg/m² followed by autologous stem cell transplant, and a consolidation phase with 2 cycles of VTD. None of them received a maintenance phase. FISH data were available for all patients at diagnosis and relapse for t(4;14) translocation and 17p deletion. The patients were treated in 20 different centers from the Intergroup Francophone du Myélome, but all the samples were sent to one central laboratory, where cell sorting, DNA extraction and sequencing were performed.
Targeted sequencing
Plasma cells were isolated from bone marrow using CD138 +MAC-Sorting (Miltenyi Biotec, Paris, France). Postsorting purity was systematically checked by MayGrünwald-Giemsa staining and cytological analysis of a spin from positive fraction. Only samples with more than 80% of plasma cells after sorting were kept for DNA extraction. Median purity was 97% (range 83-100%). Constitutional control DNA was extracted from peripheral white blood cells from a pool of 12 out of 43 patients. For sequencing, libraries were prepared with the SureSelect QXT Target Enrichment for Illumina Multiplexed Sequencing kit from Agilent and we used the targeted panel recently published [17] . Briefly, this panel contains all the coding sequences of 246 genes recurrently mutated in MM (supplemental Table 1 ), 2358 SNPs randomly dispersed on the genome for copy number analyses, and the IGH sequences to identify the IGH translocations. All the technical characteristics have been previously published. 16 Pools of libraries were sequenced (paired-end 2×150) on a NextSeq500 Illumina (308× in mean for tumoral DNA samples and 239× in mean for constitutive DNA samples).
Bio-informatic and statistical analyses
The sequencing data was first aligned against the Ensembl GRCh38 reference genome using BWA (version 0.7.9a with mem option [18] ) with Ensembl gene annotation. Duplicated reads were removed using Picard-tools (version 1.114 with MarkDuplicates option, see https://broadinstitute.github.io/ picard/). Supplemental Table 2 indicates the number of reads and the quality metrics of the sequencing data for each sample. The raw data are available on the NCBI database, with SRA accession number SRP127780 (https://www.ncbi. nlm.nih.gov/sra/SRP127780). Aligned data were prepared for mutation calling following the standard Broad Institute's GATK pipeline (https://software.broadinstitute.org/gatk/ best-practices/). Mutations were then called using MuTect (version 1.1.4 [19] ) with additional mutation annotation from Cosmic and dbSNP databases. The 12 patients with sequenced constitutional DNA were directly compared to their matched reference. Those 12 references were then pooled to constitute a normal reference for the 31 other patients. Of note, those constitutional DNA were sequenced and pre-processed using the same pipeline as described above. Mutations flagged as "REJECT" or "UNCOVERED" as well as mutations identified in untargeted regions were removed from further analysis. Remaining mutations were further annotated using Annovar [20] . Copy number variants were called using a modified version of CopyCat (https:// github.com/chrisamiller/copyCat) adapted to exclude regions commonly affected by CNV in MM from normalization benchmark. Finally, translocations were identified using BreakDancer (version 1.0, [21] ) and manually filtered to keep only translocations involving the IGH gene region. The code used for all those computation is available in supplemental methods.
Results
Mutations
From the 246 genes recurrently mutated in MM we analyzed, we found a median of 5 exonic nonsynonymous mutations per patient at diagnosis (range: 0-16) and 6 at relapse (range: 0-14). Focusing only on mutations with an allelic fraction superior to 0.1, we obtained 4 at diagnosis (range 0-12) and 5 at relapse (range 0-12). Importantly, no specific mutation that could have been selected, and thus enriched, by the treatment was observed ( Fig. 1 and Table 2 ). In agreement with previous publications on whole exome sequencing, the two most frequently mutated genes at diagnosis were KRAS (35% of the patients) and NRAS (28%), followed by DIS3 (16%), BRAF, and LRP1B (12% each). All the other recurrent mutations were observed in less than 10% of the patients. If we arbitrarily consider that clonality is defined by an allelic fraction of at least 40%, these five gene mutations were clonal in 8/15, 8/12, 5/7, 1/5, and 3/5, respectively, at diagnosis (Table 2 and supplemental  Figures 1 and 2) . For these four genes, the mutational pattern was generally stable at relapse, with some differences. For the KRAS gene, we observed very different scenarios according to patients: stability, total disappearance of a subclonal mutation (one case), appearance of a clonal or subclonal mutation (two cases), selection of a very rare subclone with an increase to a (sub)clonal mutation at relapse (two cases) ( Table 2 and supplemental Figure 1 ). We even observed one case with a KRAS G13D mutation occurring at relapse, whereas a KRAS A146V disappeared ( Fig. 2 and supplemental Figure 1 ). For NRAS, one clonal mutation at diagnosis was found to become bi-allelic at relapse, and two cases might also display the selection of a rare subclone (the mutation was identified in 1/199 reads, and 1/461 reads, respectively, reads that could either be the result of the sequencing of a rare subclone or carry sequencing errors). Of note, no disappearance of NRAS mutation was observed at relapse. Amongst DIS3 mutations present at diagnosis, one third disappeared at relapse, and no appearance was observed at relapse. Regarding BRAF mutations, all were particularly stable between diagnosis and relapse, without any disappearance or appearance.
Globally we observed 30 cases of mutations appearance at relapse, distributed in 42% of patients and involving 23 genes (Table 2 and supplemental Figures 1 and 2 ). For instance we observed the appearance of TP53 mutations at relapse in two patients. These mutations do not seem to be a clonal selection of a minor mutated clone, since they were clonal at relapse but not seen at diagnosis (0/206 and 0/593 reads). This phenomenon was also observed with WHSC1 Table 2 and supplemental Figures 1 and 2) .
CRBN pathway mutations, which have been shown to induce resistance to IMiDs, were observed in 7/43 patients (16%) on CUL4, IRF4, IKZF1, and IKF3 genes. All were remarkably stable between diagnosis and relapse. In contrast, none of the mutations described in having role in proteasome inhibitors resistance (XBP1, proteasome subunits) were detected in our cohort. Finally, amongst all nonsynonymous mutations having allelic frequency superior or equal to 0.1 detected by the panel, we observed that the number of transversions (substitution of a purine for a pyrimidine and vice versa) was stable between diagnosis and relapse (Fig. 3) .
IGH translocations and copy number alteration
At diagnosis, translocations involving the IGH gene at 14q32 were found in 27 (63%) patients, including thirteen cases (30%) of t(11;14), seven cases (16%) of t(4;14), two cases (5%) of t(6;14), one case (2%) of t(14;16) and one case (2%) of t(14;20), which were the expected proportions (Table 3 ). The chromosomal partners were those usually described (CCND1 at 11q13, WHSC1/MMSET and FGFR3 at 4p16, CCND3 at 6p21, MAF at 16q23, and MAFB at 20q11, respectively). None of these translocations changed at relapse. We also observed 4 cases (10%) of t (8;14) involving MYC at 8q24, all of them being already present at diagnosis. The only case of concomitant translocations was the patient #51, which displays both a t(11;14) and a t(8;14) from diagnosis (Fig. 2) .
Novel copy number alterations were observed in 38/43 patients at the time of relapse (Table 3) . However, because of the relatively low SNP coverage, small changes may have been missed in the 5 patients with an apparently stable molecular karyotype. Of note the mutational pattern of these patients was also stable at relapse, and these 5 patients displayed a median progression free survival similar to the cohort (21 vs 22 months, respectively). However, most of the patients with stable mutational pattern display novel copy number alteration at relapse. The two most frequent changes were gains of 1q (8/43 cases) and losses of 1p (6/43 cases). Losses of 1p involved several regions (3 cases were del(1p32)), whereas 1q gains involved the whole long arm. Losses of 17p appeared at relapse in 3/43 cases, including one with a concomitant appearance of TP53 mutation (Patient #23). Only one deletion 17p was observed at diagnosis in our cohort (Patient #2), and this was maintained at relapse (Fig. 2) .
Biallelic events in relapsing samples
We then focused on putative biallelic events in relapsing samples by arbitrarily filtering on dominant mutations (allelic fraction ≥ 0.6) and we detected them in 16/43 patients, including six patients displaying each two biallelic events (Table 4) . We identified 9 cases of biallelic mutations regarding WWOX (2 cases), LRRK2, KRAS, NOTCH1, DIS3, NRAS, FAM46C, and TET2 genes and 12 cases of combination mutation plus copy number alteration regarding RUNX, CUL4, TRAF3, USP29, PTRPZ1, PKHD1, PRDM1, FAT1, ARID3A, PI4KA, CYLD, and TP53 genes. Amongst these patients, we observed that the majority displayed the double-event from diagnosis, others displaying the "second hit" between diagnosis and relapse (patients #7, #16, #31, and 33). Finally, only one patient (#23) acquired the two events between diagnosis and relapse, a del17p/TP53mut.
Discussion
Chemotherapy is considered as a driving factor of the tumor evolution process leading to relapse and chemoresistance. However, few studies have analyzed clonal evolution after treatment [22] [23] [24] [25] , and no one in myeloma after exactly the same treatment. In this study, we addressed the issue of a homogeneous therapeutic pressure on the clonal selection, by analyzing a cohort of 43 uniformly treated myeloma patients with large targeted sequencing on CD138-sorted plasma cells. In cancer in general, it has been thought that treatment may play an important role in clonal selection, by killing the most sensitive clones, and sparing the most resistant ones [26] . We hypothesized that with a homogeneous treatment, relapsed samples would be enriched with specific mutated and/or rearranged clones. We found that for the mutations targeted by our panel, there was no significant change in the mutational burden of these tumors following exposure to treatment. Interestingly, no specific rearrangement or mutation was observed in the relapse Fig. 3 Comparison of transversion frequencies at diagnosis and relapse in 43 multiple myeloma patients. Transversions refers to the substitution of a purine for a pyrimidine and vice versa, i.e., to the substitution of an A or a G for a C or a T samples. This observation can be interpreted in different ways. First, it could mean that chemotherapy has no specific effect on the clone selection responsible for relapse, and this selection is patient-dependent, related to internal factors such as local bone marrow and/or immune conditions. A second explanation could be that the broad therapeutic approach used in this cohort is not targeting specific pathways, whereas a more selective therapy such as a lenalidomide-dexamethasone combination could have generated different results. Finally, the more likely explanation is that the same pressure applied on a heterogeneous group induces a heterogeneous result, because it interacts differently with each acquired event within the subclones. The selection or acquisition of mutant under selection pressure of treatment has been shown to be a key driver of the development of drug resistance in other hematological malignancies (e.g., BCR-ABL mutations in imatinib-treated chronic myeloid leukemia [27] or BTK mutations in chronic lymphocytic leukemia patients treated with the selective inhibitor ibrutinib [28] ). However in myeloma evolution, changes in clonal substructure may be more important than specific mutational event, as suggested by studies of smoldering myeloma progression [10] .
An intriguing observation was the occurrence in some patients of a clonal or subclonal population at the time of relapse, which was not at all detectable at the time of diagnosis, even when specifically curing the data for these specific mutations. For instance, two patients presented a clonal TP53 mutation at the time of relapse, which were not detectable at the time of diagnosis, at least at the level of 1/ 593, whereas other detected mutations were highly stable. This suggests that these TP53 mutations occurred during evolution on an ancestral tumor cell that subsequently took proliferative and/or survival advantage on the other clones to be fully clonal at relapse. However, it has been suggested that genetically resistant subclones already exist before treatment suggesting that clonal selection of preexistant populations is the main mechanism for acquired resistance to treatment [29] . In our cohort, some mutations described as inducing chemoresistance increased in frequency between diagnosis and relapse, such as NRAS, KRAS, and TP53 mutations, but others were absolutely stable such as BRAF and CRBN pathway lesions confirming that these mutations preexist and are not induced by treatment [25] . Furthermore, we also observed some cases of apparent selection of very minor subclones such as ones displaying KRAS or NRAS mutations. Nevertheless, given the very small number of reads, a study by performing ultra-deep sequencing targeted on given mutations would be necessary to confirm the existence of these minor subclones, but also the authenticity of mutations appearance/disappearance that we observed. When mutations seem to be acquired at relapse, the next question would be the timing of this occurrence. Several hypotheses could be proposed: (i) a therapy-induced mutation, and the most plausible time would be the intensive melphalan course, since alkylating agents are known to cause DNA damages; (ii) but it could be also during the time of remission, outside any treatment impact. To address this question, we started a prospective study aiming to sort the residual tumor plasma cells before and after intensification, in order to perform sequencing on these cells. Of note, the 15 mutations we observed amongst members of the DNA-damage-repair pathway (TP53, ATM, ATR, BRCA1, BRCA2) were stable between diagnosis and relapse except the two cases of TP53 mutations appearance. Furthermore, the number of transversions, which have been linked to cytotoxic effect of chemotherapy in relapsed acute myeloid leukemia [22] , was stable too. Finally, we observed that many of these mutations were present at the subclonal level. Mutations are classified as subclonal on the posterior probability that the cancer cell fraction is lower than 95% [30] . Because our study deals with tumor displaying either pseudodiploid karyotypes, or hyperdiploid karyotypes, and with pure samples (the median purity being 97%, the less pure of our cohort displaying 83% of purity), we considered that subclonality can be defined by an allelic fraction lower than 40%. This observation confirm previous studies revealing subclonal mutations in well-known "driver" genes, such as KRAS, NRAS, or BRAF [2, 3, 25] . Generally these mutations were mutually exclusive, but we observed two cases of cooccurring BRAF and NRAS mutations, as previously described [2, 3] . We report here that not only these mutations are subclonal at diagnosis, but also that all of them were mainly still subclonal at relapse. These results suggest that intensive treatment fail to eradicate subclonal clones in a large majority of cases. These results may also suggest that these genes activating the RAS/MAPK pathway are not always drivers in MM development and might sometimes occur later in the disease course. Their appearance at relapse suggests that resistance to chemotherapy could be driven by acquisition of new driver mutations, inducing evolution toward fittest clones [25] . From a therapeutic point of view, even if BRAF mutations were the V600E in 4/5 patients, it is important to note that in two of these four cases, the mutation was subclonal, preventing the use of the specific inhibitor vemurafenib in monotherapy in those patients.
Even if such targeted sequencing approach has already been successfully performed in untreated [31] and refractory [32] myeloma patients, one of the major limits of our study resides in the very principle of targeted approach: some mutations may inherently have been missed. In particular, since the 246 genes of the panel have been mainly selected in patients at diagnosis [17] , mutations occurring at relapse may have gone unnoticed. However, it is worth noting that the list of genes also included many genes described at relapse, such as CD40, CUL4, or PSMB5 and that the panel was validated with several MM cell lines originated from relapsed/refractory patients. Furthermore, most of the mutations inducing chemoresistance were included in the panel. Hence, we were able to notably detect mutations inducing drug resistance by triggering MAPK/ ERK pathway (NRAS, KRAS, BRAF), TP53 mutations, CRBN pathway mutations inducing resistance to Imids [32, 33] , XBP1 and proteasome subunits mutations described as leading to resistance to proteasome inhibitors [34] , TRAF3 mutations inducing dexamethasone resistance but sensitivity to proteasome inhibitors [35] . Finally, rare whole exome sequencing studies in relapsing myeloma actually found quite little in terms of new mutated genes, but rather highlighted higher prevalence of mutations in known ones, such as TP53 and RAS [25] . Another limit of our study is that we only looked at one bone marrow aspirate in each patient at both time points, whereas like in solid tumors [36] , a spatial heterogeneity has been demonstrated in myeloma, some focal lesions displaying several specific mutations as compared to the "random" bone marrow aspirate [37, 38] .
Weinhold et al. recently published a comparable study in 33 patients treated with high dose therapy strategies but not with exactly the same treatment. Paired samples were more comprehensively analyzed than we did, since gene expression profile, copy number arrays and whole exome sequencing were performed [25] . This study highlighted the critical nature of biallelic inactivation events affecting tumor suppressor genes, especially TP53 in resistance to apoptosis and increase in proliferation rate. Here we observed that amongst patients involved by biallelic events, those displaying one event at diagnosis and the second one at relapse experienced a particularly early relapse suggesting that what seems also critical is to get the second hit during or after treatment (patients #7, #16, #31 and #33: 12, 15, 14 and 10 months after diagnosis, respectively, Tables 1  and 4 ). However, a larger cohort and additional time points would be necessary to determinate the impact of the events kinetic. Regarding mutations of prognostic value, only those involving TP53 are widely recognized. Indeed, the two patients displaying a TP53 mutation at diagnosis had a particularly short progression free survival (10 and 12 months, Tables 1 and 2 ).
In conclusion, we report that no specific rearrangement or mutation detectable by the targeted panel was observed in the relapse samples of 43 patients primary treated with VTD-MEL200-VTD, suggesting that this regimen has a nonspecific effect on the clone selection. We already knew that molecular heterogeneity in multiple myeloma is huge at diagnosis, including at the patient level. This study brings another layer of complexity since each myeloma seems to evolve differently from the others at relapse, even if homogenously treated. In addition, this study highlights that chemoresistance and relapse could be induced by newly acquired mutations in myeloma drivers but also by (sub)clonal mutations preexisting to the treatment. These findings have clear potential translational implication because they suggest that personalized medicine must include and probably target the evolving nature of tumors, based on the determination of clonal evolution in each patient, including allelic fraction of targetable mutations. Future studies with other treatment strategies, in particular more selective therapy, are needed to determinate if similar results are generated.
